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Metallic nanoparticles (NPs) have received recently considerable interest of photonic and photovoltaic 
communities. In this work, we report the optoelectronic properties of gold NPs (Au-NPs) obtained by 
depositing very thin gold layers on glass substrates through thermal evaporation electron-beam assisted 
process. The effect of mass thickness of the layer was evaluated. The polycrystalline Au-NPs, with grain sizes 
of 14 and 19 nm tend to be elongated in one direction as the mass thickness increase. A 2 nm layer deposited 
at 250 °C led to the formation of Au-NPs with 10-20 nm average size, obtained by SEM images, while for a 
5 nm layer the wide size elongates from 25 to 150 nm with a mean at 75 nm. In the near infrared region was 
observed an absorption enhancement of amorphous silicon films deposited onto the Au-NPs layers with a 
corresponding increase in the PL peak for the same wavelength region. 



Plasmonic nanoparticles emerged recently as a possible solution to enhance solar cells efficiency 1 " 4 . High 
losses of photons due to both incomplete absorption of solar spectrum and thermalization are the main 
drawbacks that have been addressed to overcome limitations in photovoltaics efficiency. Over the past 
decades several improvements in solar cells were introduced but the highest conversion efficiency achieved so far 
for a single junction cell is 25% for crystalline silicon and 10.5% for amorphous silicon 5 . 

Surface Plasmon Resonance (SPR) arises in metal NPs as a collective oscillation of the surface electrons when 
subjected to the electric field associated to the incident light. Also, NPs should be smaller than the wavelength of 
the incident light in order to achieve SPR. As a result, the nanoparticles polarize. The scattering and absorption of 
light depends on the polarizability of the NPs, which is a function of the size, refractive index, shape, density and 
surrounding medium, as demonstrated in several theoretical studies 6,7 . These parameters should be tuned in order 
to maximize the NPs light scattering, relatively to absorption. Scattering efficiencies lower than 50% may lead to 
heat dissipation and absorption suppression. This promotes undesired reduction of photocurrent for solar cells 
having high response in the blue region 8 . However a change in shape from spherical to ellipsoidal or a change in 
the NPs medium affects the polarizability with possible red shift in the resonance frequency. In this case, NPs used 
as front electrode lead to an enhancement of the intrinsic layer absorption above 59% in the infrared region 9 . 

The influence of shape: spheroid 10 , cylindrical 11 , nanowires 12 , size 6 and also the distribution 13 have been studied 
mainly for Au and Ag nanoparticles. Other nanoparticles such as Sn 1415 and ZnO(Al) 16 were also investigated. The 
chemical synthesis 17 , physical vapour deposition with post- deposition annealing 18 or template and electrodeposi- 
tion 1314 are the main production processes. The control of NPs distribution has been obtained by mask tem- 
plate 1314 , light manipulation 19 and implantation with focused ion beam lithography 20 . Those techniques require 
sophisticated and complex processes limiting direct incorporation of NPs into the required layers of solar cells. 
We report a simple and compatible process (thermal evaporation assisted by electron-beam) to deposit inter and 
intra-layers of NPs directly into the amorphous silicon solar cell. 

Results 

Influence of the layer thickness. SEM images of the Au layers with 2, 5 and 7 nm mass thicknesses, reproducible 
with ±0.5 nm variation, are shown in Figure la. Clearly, the mass thickness has remarkable impact on the 
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Figure 1 | (a) Tilt (30°) SEM images of Au-NPs deposited on glass substrates for different nominal layer thicknesses (2, 5 and 7 nm) at a substrate 
temperature of 250°C. (b) Size distribution for the 2 nm Au-NPs layer; (c) Size distribution for the 5 nm Au-NPs layer; (d) XRD patterns of the Au-NPs 
for different layer thickness and the inset is the TEM image of Au NPs for the 2 nm layer. 



coalescence of NPs. The 2 nm layer shows uniform NPs distribution 
with mean sizes (obtained with the free Image J software) in the range 
of 10-30 nm (Fig. lb) while for 5 nm layer the NPs tend to coalesce 
and form clusters. The size of the clusters is in the range of 10- 
200 nm with mean of 60-90 nm (Fig. lc). For the 7 nm mass 
thickness we observe an enlargement of the clusters that are now 
linked to each other forming a film with a large open area fraction. 
The XRD spectra of Au-NPs show a typical pattern of Au cubic 
structure with a (111) main diffraction peak (Fig. Id). As expected 
the peak intensity increases as the layer thickness increases and the 
grain size determined by the Scherrer formula is 14, 19 and 28 nm, 
respectively for the 2, 5 and 7 nm mass thicknesses. The inset of 
figure Id shows the TEM image of 2 nm Au-NPs produced 
directly on the Cu TEM grid (400 nm mesh). There, we observe 
circular grain sizes (<20 nm) that are in agreement with the SEM 
results and also with the crystallite size obtained from XRD pattern 
(Fig. Id). For the Au-NPs with higher thicknesses, the average 
dimensions obtained from SEM results (Fig. lc) are clearly higher 
than the grain sizes estimated by the Scherrer formula which suggests 
that the Au-NPs for these two films are polycrystalline. 

The specular transmittance (T Sp ), total transmittance (T T ) and 
reflectance (R) of the different Au -NPs layers are shown in 
Figure 2a. We observe a decrease in transmittance as the Au mass 
thickness increases, as expected for a metallic layer. T T and T Sp 
spectra coincide for both 2 and 5 nm layers while the diffused light 
is enhanced for higher mass thickness (7 nm). The typical resonance 
peak of Au-NPs is present but the absorbance is superior for the 
5 nm mass thickness layer, disappearing for thicker layers. The 
reflectance of these layers is inferior to 20% with a slight peak located 
at the same wavelength of the resonance peak. 

a-Si:H with Au-NPs. The transmittance spectra of a-Si:H films with 
and without Au-NPs are shown in Figure 3a. The absorbance shows a 
clear improvement in the near infrared region (600-1000 nm) for a- 
Si:H films deposited on 5 nm Au-NPs layers. The different spectra 



displayed in the figure are related to specular and total transmittance 
obtained with light incidence in the substrate or in the a-Si:H film. 
The spectra are in good match so no influence of glass/ Au-NPs 
interface is seen. The spectra of a-Si:H with 7 nm layer Au-NPs is 
not displayed since the absorption of the metallic layer is too high (as 
shown in Fig. 2a) to be used efficiently in intra layer of solar cells. On 
the other hand, the a-Si:H films deposited on 2 nm Au-NPs layer 
show lower absorption and for clarity was also not displayed. The top 
view SEM images shown in Figure 3b and 3c exhibit the surface 
morphology of a-Si:H films deposited on glass (Fig. 3b) and on 
glass with 2 nm layer of Au-NPs (Fig. 3c). The only change 
observed is a small enlargement of the granular texture of the a- 
Si:H when deposited on the Au-NPs (2 nm layer). 

The optical properties of the Au-NPs and Au-NPs/a-Si:H samples, 
were investigated through photoluminescence measured at 70 K in 
the visible and infrared regions as shown in Figure 4. In the first 
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Figure 2 | Transmittance (total-T T and specular-T Sp ) and reflectance (R) 
of Au-NPs layers with different thicknesses. 
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Figure 3 | (a) Transmittance of a-Si:H films without and with Au-NPs. The different lines represent the T T (red/purple line) and T Sp spectra (black/ 
brown line) obtained by illuminating the samples through the glass (full line) or through the film (dot line); top view SEM images of (b) 200 nm a-Si:H 
film, and (c) Au-NPs (5 nm)/a-Si:H layers. 



region, the measured spectra show a low signal to noise ratio 
(Figure 4a). For the sample with the nominal 2 nm Au-NPs depos- 
ition, a peak centred at —490 nm is observed. By increasing the 
thickness of the Au-NPs layer, the above peak shifts to higher wave- 
lengths as shown by the arrows in Figure 4a. The SEM images 
(Fig. la) show that the average dimensions of the Au-NPs increase 
with the raise of the thickness of the deposited Au layer. These peaks 
corresponds to the interband radiative transitions involving elec- 
trons in the sp-conduction band and holes in the d-band 2123 . 

On the other hand, in the infrared region the spectra evidence a 
higher signal to noise ratio. The emission is dominated by an asym- 
metric large band with maximum at —924 nm. The shape of that 
band for the lower wavelengths could be determined by the low 
detectivity of the Ge detector in that region. This band can be 
described by intraband radiative transitions in the sp-conduction 
band. We observe a decrease of the relative intensity of the emission 
with the increase of the average size of the Au-NPs. For comparison 
in Figure 4b we show also the spectra measured for samples in which 
the a-Si:H layers were deposited directly on top of a glass substrate 
covered with the nanoparticles shown in Figure 1. The relative 
intensities between Au-NPs samples with and without a-Si:H layer 
decrease for 2 nm layer Au-NPs, but increase for those deposited on 
5 nm and 7 nm layer. 



Discussion 

Our study shows the effect of layer thickness on the formation and 
characteristics of Au-NPs deposited by thermal evaporation. Here, 
we kept the substrate temperature at 250°C to favour the coalescence 
of nanoparticles during the deposition of the Au layer and to avoid 
the usual post deposition thermal annealing step 24 . As reported 
recently by Sun et al. 24 , the morphology of a 5 nm layer, deposited 
by thermal evaporation, without substrate heating, is porous like 
interconnected islands and after rapid annealing up to 700 °C it tends 
to form spheroid-like NPs. Thus we have obtained similar shape in 
2 nm layers but at a much lower temperature. The Au-NPs formed in 
the 2 nm deposited layers have mean size of 20-30 nm along one 
axis, and 30-40 nm along the second direction. The 5 nm thick Au 
layer deposited at 250°C resulted in NPs clusters with mean size 
around 30-40 nm in one direction and the second direction elon- 
gates towards 60-90 nm. For the 7 nm layer, the NPs are linked, 
leading to porous films. Also it is worth noting the polycrystalline 
character of Au-NPs, the XRD data shows the typical cubic structure 
of Au with grain sizes of 14, 19 and 28 nm, respectively, for 2, 5 and 
7 nm mass thickness, which agrees with the average size of an axis 
(10-15 nm) as determined from SEM and TEM images for the 2 nm 
layer. According to the results obtained, the Au-NPs are formed with 
a low number of monolayers by islands growth (Vollmer- Weber, 
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Figure 4 | PL spectra performed at 70 K in a-Si:H thin films with an Au-NPs layer in the visible (a) and infrared (b) regions. The excitation source was 
the 457 nm laser line in (a) and the 514.5 nm laser line in (b). In (a) the arrows indicate in each spectrum the interband radiative transitions involving 
electrons in the sp-conduction band and holes in the d-band. The sharp peaks in the region 503-504 nm correspond to radiative transitions from 
spurious illumination in the room. 



SCIENTIFIC REPORTS | 3 : 1469 | DOI: 1 0.1 038/srep0 1469 



3 



VW) process 25 . This process prevails when the contact angle between 
the deposited material and the substrate is superior to zero, which 
means that elastic strain of the film exceeds the adhesion force. 
However, this process occurs until the number of monolayers is 
sufficient to change the free enthalpy and the supersaturation para- 
meter, which is one of the driving forces to form a film 25 . But the 
formation of Au-NPs depends of the nucleation sites available at the 
substrate, and these are enhanced when temperature rises. Thus, the 
thermal evaporation with heated substrate is a suitable process for 
inclusion of NPs in inter or intra-layers during the deposition of 
amorphous silicon solar cells. 

The transmittance spectra of 2 nm layer revealed an absorption 
peak at 607 nm consistent with plasmonic resonance of spheroid 
NPs (20-30 nm) having low dispersion in their size. For the 5 nm 
layer the absorption peak shows a red shift from 607 nm to 628 nm 
and a broadening (FWHM from 129 to 203 nm), which is related to 
enlargement of the NPs as shown in figure 1. Several authors 
reported the effect of size, shape, density and surrounding medium 
of NPs on the plasmonic peak 13 . For instance, Halas et al. 26 reported a 
sharp plasmonic peak at 550 nm for Au spherical NPs, 20 nm of 
radius, with a sparse distribution, while in a more dense distribution 
the resonance peak shows a red shift to 750 nm attributed to an 
interparticle coupling, which is consistent with the Au-NPs clusters 
observed in the SEM image. If two NPs are close enough they can 
form a plasmonic dimer with a red shift that depends on the inter- 
action distance between the two particles. This behaviour reflects the 
near field interactions between two close metallic nanoparticles: 
near-field coupling and far-field dipolar interactions. Their s- and 
p- polarization is dependent on the separation and size 6 . Besides 
particles density, the shape also plays a crucial role in the plasmonic 
resonance. Alok et al. 27 , showed that enlarged NPs have two resonant 
peaks and their relative intensity depends if the particles are elon- 
gated perpendicular or parallel to the substrate. These results are in 
concordance with those found in metallic nanorods where the plas- 
monic resonance splits into low- and high-energy absorption bands 
where the high- energy bands correspond to electron transitions per- 
pendicular to the major axis (transverse surface plasmon) and the 
low- energy bands are related to the transitions along the major axis 
(longitudinal surface plasmon). The peaks position is also affected by 
the ratio between the two axes of the nanords 12 . Similar results were 
also presented by Nakayama et al. 13 . Our results, do not show a clear 
separation of the different modes so the enhancement and red shift of 
resonance peak may have equal contribution of both transversal and 
longitudinal enlargement of NPs. Comparing to the literature we 
expect a resonance peak of Au-NPs close to 550 nm, as stated before. 
Several contributions can lead to a red shift of this peak, among those 
mentioned above we also have to include the effect of the glass 
substrate. Indeed, Kelly et al. 6 have reported a red shift of the res- 
onance peak, from 360 nm to 400 nm, as the Ag-NPs are isolated or 
are covering partially a mica substrate. 

Overall, our transmittance results reflect the contributions of an 
inhomogeneous distribution and surface coverage and the influence 
of glass substrate. 

The deposition of a-Si:H films on the top of nanoparticles leads to 
an increase in the absorption close to near-infrared wavelength 
which is adequate for solar cells applications. Although the results 
of reflectance were not shown by clarity of the graph, it is not influ- 
enced by the Au-NPs (in wavelength range of 400-800 nm). Thus, 
our results show an enhancement in the absorption of a-Si:H when 
the film is deposited on 5 nm Au-NPs layer. Similar results were 
reported for Ag-NPs, deposited by thermal evaporation followed 
by annealing, on polished silicon with a 30 nm oxide layer, being a 
strong absorption observed for wavelengths above 1000 nm. There, 
it is shown the increase of absorption with increasing particle dia- 
meter 1 . Akimov et al. 9 has also shown an enhancement of light 
absorption up to 59% when Al-NPs were deposited on the top of 



the TCO layer of a-Si:H solar cells. Nevertheless, our Au-NPs are 
embedded in a-Si:H film and the prove is the coincidence of T T and 
T Sp spectra obtained by irradiating the samples from the glass side or 
from a-Si:H film side (reflectance was not shown also because no 
difference was observed). As reported by Pillai and Green 2 , if a semi- 
conductor is close to electric field of an emitting dipole, the absorp- 
tion is enhanced. Other non-linear processes such as up/down- 
conversion can be originated by the enhancement of electric field 
around the surface plasmons. In our results the photoluminescence 
shows that down-conversion (in terms of energy) is obtained in a- 
Si:H films deposited on Au-NPs (5 nm Au layer). In the literature, 
the luminescence of Au-NPs, deposited on glass substrate, has shown 
a red shift of the peak in the visible wavelength range, which was 
attributed to the reduction in quantum confinement of Au nanopar- 
ticles 28 . Due to the excitation energy in these measurements (2.71 eV, 
457 nm), the excitation should involve just one photon. Besides that, 
a stronger luminescence signal is observed in the near-infrared 
region and it increases as the Au-NPs decrease. According to the 
literature, the above two emission bands in the visible and infrared 
can be attributed to interband and intraband radiative transitions 
involving electrons in the sp-conduction band and holes in the d- 
band of NPs 21,23 ' 29 . However, NPs embedded in a-Si:H has a different 
behaviour since the emitted photons can be absorbed by gap states of 
a-Si:H, followed by recombination or it can induce radiative transi- 
tions in the a-Si:H. That would explain the difference in the PL 
intensity of a-Si:H with Au-NPs 2 nm and Au-NPs 5 and 7 nm. In 
this analysis we exclude any effect of a-Si:H induced recrystallization 
during the film deposition, since micro Raman and spectroscopic 
ellipsometry measurements were performed (standard techniques to 
evaluated the crystallinity of Si:H film) and no difference was 
observed in samples with and without NPs. Although the a-Si:H 
deposited on 7 nm Au layers has high photoluminescence in the 
near infrared region the low transmission in the visible range 
unsuited its application to front layers of solar cells. 

Overall, we showed a straightforward method to deposit Au-NPs 
with controllable particle size which consists in the deposition of very 
thin Au layer by thermal evaporation in heated substrates. The a-Si:H 
films deposited on Au-NPs layers has enhanced absorption in the 
infrared region (700-900 nm) opening doors to enhance amorphous 
silicon based solar cells efficiency through improvement of absorp- 
tion close to the band gap of silicon and up-conversion of photons. 
The deposition of NPs can be made in any part of the solar cell, intra 
or inter layers, according to the size of NPs, by a compatible process. 

Methods 

Preparation of the Au-NPs and a-Si:H films. Au-NPs were deposited onto glass 
substrates by e-beam evaporation at substrate temperature of 250°C and deposition 
rate of 0.1-0.2 nm/s. The layer thickness was controlled, after opening the shutter of 
the system, by the deposition time and by a calibrated quartz crystal detector. This 
procedure enable the control of the layer thickness and three different layers were 
reproduced (2, 5 and 7 nm). 

A 200 nm film of hydrogenated amorphous silicon (a-Si:H) was deposited by radio 
frequency plasma enhanced chemical vapour deposition (RF-PECVD) on the sam- 
ples (2, 5 and 7 nm layers). During the a-Si:H deposition (20 min) the substrate was 
heated to 150°C. Details about the a-Si:H films can be found in previous works 30,31 . 

Structural and morphological characterization. To estimate the crystallite size and 
discard eventual cross-contaminations during the depositions, X-ray diffraction 
(XRD) measurements of the samples were performed in Panalytical X'Pert PRO with 
Cu Ka line radiation (X = 1 .540598 A) using the Bragg-Brentano configuration with a 
2Theta range of 15 to 80° and a step size of 0.02°. 

The SEM images of samples were performed in a Zeiss Auriga Crossbeam 
microscope with a Schottky Field Emitter column. The Everhart-Thornley type SE 
and InLens detectors were used with an aperture size of 30.00 um, working distance 
between 4.8 and 5.6 nm and an acceleration voltage from 1 to 20 kV. The trans- 
mission electron microscopy (TEM) was performed in a Hitachi H-8100 microscope 
which runs at 200 kV in samples deposited directly in the Cu TEM grid with 400 nm 
mesh. 

Optical characterization. The transmittance and reflectance spectra were obtained 
in double beam UV-VIS-NIR Shimadzu spectrophotometer with an integrating 
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sphere for reflectance and total transmittance measurements, in the range of 300- 
800 nm. The specular transmittance was measured in the range of and 300-2500 nm. 

The PL measurements were performed both in the visible and in the infrared 
regions. In the first case, a Spex 1704 monochromator fitted with a cooled 
Hamamatsu R928 photomultiplier was used. The excitation source was the 457 nm 
line of a Melles-Griot laser with a power of —30 mW. In the second region, a Bruker 
IFS 66v Fourier transform infrared (FTIR) spectrometer, equipped with a Ge diode 
detector, was used. The excitation source was a 514.5 nm line of an Ar+ ion laser, 
with a power of 151 mW. The samples were always inserted in a helium gas flow 
cryostat to allow the change of the temperature in the range 69-300 K. The excitation 
power was measured at the front of the cryostat window. 
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